We have developed a reactive force field (ReaxFF MgH ) for magnesium and magnesium hydride systems. The parameters for this force field were derived from fitting to quantum chemical (QM) data on magnesium clusters and on the equations of states for condensed phases of magnesium metal and magnesium hydride crystal. The force field reproduces the QM-derived cell parameters, density, and the equations of state for various pure Mg and MgH 2 crystal phases as well as and bond dissociation, angle bending, charge distribution, and reaction energy data for small magnesium hydride clusters. To demonstrate one application of ReaxFF MgH , we have carried out MD simulations on the hydrogen absorption/desorption process in magnesium hydrides, focusing particularly on the size effect of MgH 2 nanoparticles on H 2 desorption kinetics. Our results show a clear relationship between grain size and heat of formation of MgH 2 ; as the particle size decreases, the heat of formation increases. Between 0.6 and 2.0 nm, the heat of formation ranges from -16 to -19 kcal/Mg and diverges toward that of the bulk value (-20.00 kcal/Mg) as the particle diameter increases beyond 2 nm. Therefore, it is not surprising to find that Mg nanoparticles formed by ball milling (20-100 nm) do not exhibit any significant change in thermochemical properties.
Introduction
Metal hydrides such as, LiH, CaH 2 , and MgH 2 have widely been studied for hydrogen storage capabilities, and among them, MgH 2 has been widely studied because of its comparatively weaker M-H bonding. 1, 2 However, the slow sorption kinetics characteristics for Mg-based materials have so far hampered commercial usage. An important reason for the slow kinetics of H desorption/adsorption is the high enthalpy of formation of the metal hydride (-17 .88 kcal/mol), 3 indicating that hydrogen atoms bind too strongly with the Mg atoms. Consequently, dehydrogenation of magnesium hydrides requires high temperature (∼552 K at 1 atm). Hence, it is necessary to decrease the desorption temperature to obtain a suitable hydrogen storage material. Numerous methods have been focused on improving the problematic sorption kinetic, including mechanical ball milling 4, 5, 6 and mechanical alloying. 7, 8 However, these methods can only improve adsorption and not desorption kinetics, 9 possibly because even the smallest particle sizes obtainable by these methods (20 nm) still primarily display bulk desorption characteristics. To determine whether a further reduction of particle size could sufficiently destabilize the MgH 2 nanoparticles and thereby lowering the hydrogen desorption temperature to values workable for mobile applications (100°C), we have developed a reactive force field for magnesium and magnesium hydrides (ReaxFF MgH ). Although quantum chemical (QM) and semiempirical methods can be applied to study reactivity in metal hydride systems, 10, 11 the computational expense of these methods severely hampers application to large (.100 atoms) high-temperature dynamical systems. Earlier on, we have demonstrated that the ReaxFF potential can accurately describe reactive processes, including the relative stability of reactive substrates and products as well as high-energy transition states and reaction intermediates, for a wide range of chemical systems, including hydrocarbons, 12 nitramines, 13 silicon/silicon oxides, 14 and aluminum/aluminum oxides. 15 This paper presents the new force field that aims for accurate and consistent predictions of covalent systems (Mg n H 2n ) and all phases of magnesium hydride (including high-energy diamond and fluorite MgH 2 phases). The remainder of this paper is organized as follows: Section 2 describes the development for the Mg/MgH reactive force field and theoretical approach. The results and applications are given in section 3. Section 4 presents our discussion, and concluding remarks are given in section 5.
ReaxFF MgH Reactive Force Field for Mg and MgH 2
The development strategies for ReaxFF MgH are in line with those used in generating the reactive force field for hydrocarbons, 12 Si/SiO 2 , 14 and Al/R-Al 2 O 3 15 systems. The potential functions in ReaxFF MgH are the same as those in ReaxFF SiO , with the addition of one energy contribution (E MgH ) to distinguish the Mg-H binding energy in MgH and MgH 2 (see section 2.1). A key to the reactive force field is the formalism that allows for accurate description of bond formation and bond breaking by means of a bond order/bond distance relationship similar to that incorporated in the Tersoff, 16 Brenner, 17 and EDIP 18 potentials and charge transfer. ReaxFF incorporates the EEM charge calculation method 19 which allows for a polarizable, geometry-dependent charge distribution. By calculating nonbonded van der Waals and Coulomb interactions between all atoms (including 1-2 and 1-3 interactions), ReaxFF can be applied to both covalent and ionic systems.
In ReaxFF, the total energy expression for Mg and MgH 2 ReaxFF is divided into contributions as follows:
The parameters in these energy expressions were obtained from fitting to QM derived equations of state (EOS) of pure Mg and 20 and a 6-311G**++ basis set. A smaller basis set without diffuse functions were used to obtain Mulliken charge distributions.
The plane wave code CASTEP 21 was used to perform DFT calculations on the condensed states of pure magnesium and magnesium hydride systems. The generalized gradient approximation (GGA) proposed by Perdew, Burke, and Ernzerhof 22 was used for the exchange-correlation energy and ultrasoft pseudopotentials to replace the core electrons. For both the Mg and MgH 2 crystals, we used the Perdew-Wang implementation of GGA, 23 a kinetic energy cutoff of 380 eV, and the Monkhorst-Pack scheme 24 to generate the k-space grid using a spacing of 0.1 Å -1 . The force field was optimized against these QM data using a successive one-parameter technique. 25 The final force field parameters can be found in Tables 5-10 ; an overview of all the potential functions can be obtained from the supplementary material. 26 MD Simulations. To generate Mg and MgH 2 particle of various grain size of interest (0.6-2.2 nm), a bond order cutoff was used to generate a radial diameter (from a central Mg atom) in which spherical clusters can be cut from both the Mg (hcp) and R-MgH 2 supercell geometry using the Crystal Builder module in Cerius2. 27 The supercell geometry was constructed from quantum optimized bulk structures using GGA lattice parameters 28 when possible. The simulation procedure follows: (a) Each particle was first minimized using lowtemperature MD. (b) For both the equilibration and annealing runs, we perform NVT MD simulations using the Berendsen thermostat. 29 A time step of 0.25 fs was used in all simulations. Atomic charges were updated at every MD simulations.
The minimized, equilibrated, and annealed structure for a representative Mg 40 H 80 (1.2 nm in diameter) particle is depicted in Figure 8 .
Results

Bond Dissociation.
To optimize bond energy, DFT calculations were carried out for dissociation of single Mg-H and Mg-Mg bonds in various small clusters. Figure 1a ,b shows the Mg-H bond dissociation curves in MgH and MgH 2 while Figure 1c shows the data for the dissociation of two Mg-H single bond in Mg 2 H 4 to give two units of MgH 2 . Figure 1d shows the Mg-Mg bond dissociation curve in Mg 2 H 2 . In each case, DFT calculations were carried out for both singlet and triplet systems (in the case of MgH, doublet and quartet systems), and bond parameters were optimized to the lowest energy points along the dissociation curve. For every monomer, bond restraints were applied to the internal coordinate of interest while the rest of the structure was allowed to relax during the minimization.
Valence Angle Terms.
To optimize the valence angle parameters for ReaxFF MgH , we calculated angle bend energies from DFT calculations on small clusters of magnesium hydrides. There are three relevant valence angle (Mg-H-Mg, Mg-Mg-H, Mg-H-Mg) cases for which we ran DFT calculations on representative monomers. For every monomer, angle restraints were applied to fix valence angles at various values while the rest of the structure was allowed to relax during minimization. From these DFT calculations, we obtained a valence angle curve against which the ReaxFF MgH parameters can be optimized. Figure 2 shows a comparison between the ReaxFF MgH and DFT energies as a function of the H-Mg-H valence angle. ReaxFF MgH and DFT data for the other two angles are given in the supplementary material. 26 3.3. Charge Distributions. In ReaxFF MgH , charge distributions are calculated using the EEM 19 method. Mulliken charge
distributions obtained from DFT calculations with the 6-31G**-basis set were used to optimize EEM parameters ( Table 6 ). The comparison between ReaxFF and DFT data on partial charges for the Mg and H atoms in small Mg n H 2n clusters are plotted in Figure 3 . ReaxFF successfully reproduces charge assignments for all clusters.
Reaction Energies.
To sample all possible covalent environment of the Mg-H bond, we carried out DFT and ReaxFF MgH calculations on the reaction energies for small Mg n H 2n clusters (Figure 4) . Table 1 provides a comparison between DFT and ReaxFF MgH results for these reactions.
3.5. Condensed Phase Data. One main objective is to apply ReaxFF MgH to study the magnesium particle size effect on the thermochemistry of the hydrogen absorption/desorption process. Hydrogenation of pure magnesium produces MgH 2 containing 7.6 mass % hydrogen. However, its formation from bulk magnesium and gaseous hydrogen is extremely slow and requires a temperature of 300°C under a hydrogen pressure of 0.01 MPa. At ambient pressure and low temperatre R-MgH 2 crystallizes with the TiO 2 -rutile-type structure but transforms into orthorhombic γ-MgH 2 at higher temperature and pressures. The R-to γ-MgH 2 transition pressure has not yet been experimentally determined. However, in previous theoretical work on pressure-induced transformations in MgH 2 , Vajeeston and co-workers 28 found that, at equilibrium, the energy difference between R-MgH 2 and γ-MgH 2 modifications is very small and concluded that both phases can coexist under a certain field pressure. Therefore, it is important that ReaxFF be able to capture all possible modifications of MgH 2 crystals and be able to predict condensed phase stabilities. For both pure Mg and MgH 2 crystal phases, quantum energies were obtained for a wide range of compression and expansion points (Figures 5 and 6 ). ReaxFF correctly reproduces the structural parameters (bond distances and cell dimensions) and the equations of state for all phases of pure Mg and MgH 2 crystals. For all modifications, the cohesive energies and densities obtained from ReaxFF were compared against QC data (Tables 2 and 3) . Our results are consistent with those found by Vajeeston and co-workers. 28 Furthermore, ReaxFF MgH calculates a heat of formation of -20.00 kcal/mol for the R-MgH 2 phase, which is in good 6, 9, 30 To determine whether a further reduction of grain size below the 20 nm regime could sufficiently destabilize the MgH 2 nanoparticles, we have investigated the enthalpy of formation of ultrasmall MgH 2 particles below the 20 nm regime.
We carried out simulations on ultrasmall Mg and MgH 2 particles within the 0.62-2.20 nm range. Energies at 0 K for each component particle from ReaxFF annealing simulations were used to tabulate the heat of formation (Figure 7) . The minimized, equilibrated, and annealed structures for one rep- a ReaxFF does not distinguish between the hcp and fcc phases, and therefore the two energies are similar.
Figure 7.
Final geometries of MgnH2n particles obtained from annealing simulations using ReaxFFMgH. Equilibrated structures (300 K) were used as starting geometries and annealed to 0 K. Figure 8 . Geometries of Mg40H80 particle obtained from ReaxFFMgH simulations after (i) minimization, (ii) equilibration at 300 K for 50 000 steps, and (iii) annealing from 300 to 0 K (50 000 steps). Figure 9 . Energies of Mg20Hn particles as a function of H2 abstraction as calculated using ReaxFF. Successive abstraction of surface H2 were perform on Mg20Hn systems until all hydrogen atoms were removed. Particles were equilibrated at 300 K and annealed from 300 to 0 K before each removal of H2. Severe depletion of surface hydrogen resulted in structures where Mg atoms preferentially occupy the surface sites; thus, the removal of hydrogen became energetically unfavorable, as evident in slope B. a With zero-point vibration for both R-MgH2 and H2 (ZPE of R-MgH2 was used to correct for ∆H of the other MgH2 phases.)
b With zeropoint vibration for H2 (ZPE for MgH2 not included, although incorporation of the ZPE for MgH2 will raise the energy of ∆H and improve the agreement with DFT results). (6) and corresponding structures are given in Figure 11 . The rdf(s) indicates two types of hydrogen corresponding to the peaks, centered at 1.7 Å (type I) and 2.3 Å (type II). Figure 9 shows a nonlinear trend in particle stability as a function of molecular hydrogen abstraction. The less strongly bound type II hydrogen atoms are first removed, resulting in the energy trend seen in slope A. Further H 2 abstraction (slope B) leads to the depletion of surface hydrogen atoms, and rearrangement produces particles where Mg atoms preferentially occupy surface sites. Therefore, the last 14 hydrogen atoms are more strongly bound and more difficult to desorb, as evident in the steepness of slope B and the disappearance of peak II.
Discussion
We have generated a reactive force field for magnesium and magnesium hydride system based on the functional forms used in ReaxFF SiO . We have shown that ReaxFF MgH can reproduce DFT values for the EOS, cell parameter, and density of condensed systems along with DFT geometry and reaction energies for small clusters. This overall agreement between the QC and ReaxFF MgH data indicates that ReaxFF MgH could play an important role in helping to elucidate some of the fundamental problems that hinder hydrogen absorption/desorption so that the potential of 7.6 wt % H storage capacity of magnesium can be reached. Specifically, we have used ReaxFF MgH to show a relationship between grain size reduction and decreased structural stability.
To demonstrate this relationship, we used MD simulations to generate Mg and MgH 2 nanoparticles and calculated their heats of formation as a function of particle size. From Figure  10 , it is clear that as the nanoparticles size decreases, the heat of formation becomes more positive. In particular, there is a steep increase in the heat of formation within the ultrasmall MgH 2 particle region (0.62-0.92 nm). The decrease in structural stability of magnesium particles in this region can be attributed to two factors. First, results indicate that, below a critical particle diameter of 0.92 nm, all Mg and H atoms were exposed to the surface. It is at this region that the properties of the material begins to differ from that of the bulk properties. Second, in ultrasmall MgH 2 particles, surface hydrogen atoms are generally found to occupy the less stable top and bridge sites vs the more stable three-coordinate sites more commonly observed in larger particles. Consequently, surface Mg atoms in the ultrasmall regime are left undercoordinated. The hydrogen atoms found in these energetically less favored sites are more easily desorbed from the surface. We conclude that significant changes in the thermochemistry of hydrogen desorption is observed only if the particle grain size is reduced below 2 nm; this is in agreement with ball milling experiments which suggest that there is minor changes in the heat of formation even for the smallest particle obtainable (20 nm). 8 To study the crystal chemistry of the magnesium hydride nanoparticles during the desorption process, we ran MD simulations on a series of Mg 20 H n systems in which successive abstractions of surface H 2 from the system were performed. In our simulations, we did not observe any dramatic changes in atom coordination for both Mg and H, nor did we observe any major deviation in Mg-Mg and Mg-H bond lengths from the bulk values. We found that the desorption of the first half of the hydrogen atoms in the Mg 20 H 40 system occurred with greater ease than the last half, as evident from slope A in Figure 9 and the disappearance of the type II hydrogen atoms comprising the peak centered at 2.3 Å for the RDF(s) in Figure 11 . This can be attributed to the fact that for systems highly depleted in surface hydrogen atoms Mg atoms prefer to occupy surface sites. In fact, Mg 20 H n , where n ) 2 and 4, are highly unstable structures with no surface hydrogen atoms, and abstraction of these last four hydrogen atoms would be energetically unfavorable. From slope A, we calculate a hydrogen storage capacity of 4.9 wt %, which is below its theoretical storage value of 7.6 wt %.
One concern of ultrasmall nanoparticles is rapid aggregation to form larger, more stable particles. To address this issue, we intend to investigate functionalization of the particle surface with Mg-R groups. The R groups should not hinder H 2 absorption/ desorption characteristics.
In future work we aim to apply this method to investigate the kinetics of H absorption/desorption using different modifications of MgH 2 phases, the process of atomic H adsorption on the Mg (0001) surface, and the mechanistic pathway of H absorption into bulk magnesium.
Conclusion
By optimizing force field parameters against a substantial QM-derived training set, containing bond dissociation, angle bending, charge distribution, and reaction energy data for small clusters as well as equations of state for a range of magnesium and magnesium hydride condensed phases, we have developed a reactive force field for magnesium and magnesium hydrides (ReaxFF MgH ). ReaxFF MgH uses the same functional forms as previous ReaxFF descriptions, and as such, this method should be straightforwardly extendible to other magnesium-containing materials.
We have used ReaxFF MgH to investigate the trend in thermodynamic destabilization of magnesium hydride particles with grain size. Results indicate a steep increase in heat of formation and decrease in structural stability as particle size drop below 1.0 nm. This finding agrees with ball milling experiments that suggest that there is little change in the heat of formation even when particle size is reduced to the 20-100 nm regime; our results suggest that the particle size has to be reduced substantially below the 20 nm range to see a significant drop in particle stability.
We believe that these reactive force field methods can provide a useful computational tool to study the chemistry at surfaces and interfaces and as such could play a pivotal role in designing improved hydrogen storage materials.
